Thermochemical data, ⌬H o n , ⌬S o n , and ⌬G o n , for the hydration of protonated nucleic acid bases and protonated nucleosides have been experimentally studied by equilibrium measurements using an electrospray high-pressure mass spectrometer equipped with a pulsed ion-beam reaction chamber. For protonated nucleobases the hydration enthalpies were found to be similar for all studied systems and varied between 12.4 -13.1 kcal/mol for the first and 11.2-11.5 kcal/mol for the second water molecule. While for protonated nucleosides the water binding enthalpies (11.7-13.3 kcal/mol) are very close to those for protonated nucleobases, the entropy values are "more negative." The structural and energetic aspects of hydrated ions are discussed in conjunction with the available theoretical data. (J Am Soc Mass Spectrom 2009, 20, 1900 -1905) © 2009 American Society for Mass Spectrometry N ucleic acid bases are amongst the primary building blocks of DNA and RNA, and water is generally considered to be their integral part. Hydration of nucleobases is crucially important for the structure, stability, and biologic functions of DNA [1, 2] . Interaction between the DNA constituents and water molecules is important for a better understanding of the mechanistic role of water molecules in conformational transitions and mechanisms of DNA's bioactivity. The effect of hydration of the DNA bases is very local and only a limited number of water molecules contribute to it significantly [1, 2] . Many studies on the gas-phase interactions of neutral and anionic forms of nucleic acid bases [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [19] of hydrated adenine and thymine cations. Much less attention has been paid to the hydration of protonated DNA components, although these forms are of considerable interest in view of their potential formation in radiation-induced damage of DNA and RNA, and interaction with a water environment. To our best knowledge, the stabilities of protonated adenine tautomers and their complexes with water molecules [20] have only been investigated computationally, while there have been some experimental and theoretical studies on the hydration of protonated and deprotonated forms of the four mononucleotides (dAMP, dCMP, dGMP, and dTMP) [21] . More recently, the possible tautomeric forms of the monohydrated protonated uracil have been examined in the gas phase by using IR multiple-photon dissociation spectroscopy (IR-MPD) in combination with computational study [22] .
Thermochemical data, ⌬H o n , ⌬S o n , and ⌬G o n , for the hydration of protonated nucleic acid bases and protonated nucleosides have been experimentally studied by equilibrium measurements using an electrospray high-pressure mass spectrometer equipped with a pulsed ion-beam reaction chamber. For protonated nucleobases the hydration enthalpies were found to be similar for all studied systems and varied between 12.4 -13.1 kcal/mol for the first and 11.2-11.5 kcal/mol for the second water molecule. While for protonated nucleosides the water binding enthalpies (11.7-13 .3 kcal/mol) are very close to those for protonated nucleobases, the entropy values are "more negative." The structural and energetic aspects of hydrated ions are discussed in conjunction with the available theoretical data. Hydration of nucleobases is crucially important for the structure, stability, and biologic functions of DNA [1, 2] . Interaction between the DNA constituents and water molecules is important for a better understanding of the mechanistic role of water molecules in conformational transitions and mechanisms of DNA's bioactivity. The effect of hydration of the DNA bases is very local and only a limited number of water molecules contribute to it significantly [1, 2] . Many studies on the gas-phase interactions of neutral and anionic forms of nucleic acid bases [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and nucleosides [14] with water molecules have been performed theoretically. A few experimental studies have been carried out on hydration enthalpies [15] , IR spectra [13] , UV spectra [16] , hydration dynamics [17] of DNA bases, ionization potentials [18] , and metastable decay [19] of hydrated adenine and thymine cations. Much less attention has been paid to the hydration of protonated DNA components, although these forms are of considerable interest in view of their potential formation in radiation-induced damage of DNA and RNA, and interaction with a water environment. To our best knowledge, the stabilities of protonated adenine tautomers and their complexes with water molecules [20] have only been investigated computationally, while there have been some experimental and theoretical studies on the hydration of protonated and deprotonated forms of the four mononucleotides (dAMP, dCMP, dGMP, and dTMP) [21] . More recently, the possible tautomeric forms of the monohydrated protonated uracil have been examined in the gas phase by using IR multiple-photon dissociation spectroscopy (IR-MPD) in combination with computational study [22] .
In this paper, we present the first experimental results on the energetics of hydration of protonated nucleic acid bases, NABs (uracil, Ura; thymine, Thy; adenine, Ade; and hypoxanthine, Hyp), and protonated nucleosides, NSDs (uridine, Urd; thymidine, Thd; adenosine, Ado; and inosine, Ino). These results were obtained from high-pressure mass spectrometry equilibria measurements in the gas phase. Previously, we measured the energetics of hydration of protonated and deprotonated amino acids [23] [24] [25] .
Experimental
All experiments were performed on a high-pressure (HP) mass spectrometer using a pulsed ion-beam ESI ion source (Figure 1 ), which has been previously described in detail elsewhere [23] . Briefly, ions were generated by electrospray from a silica capillary (ESC) at the room temperature. The solution containing 2.0 mM NAB or NSD in a water/methanol (10/90) mixture was supplied to the capillary by a syringe pump at a rate of 0.8 L/min. The samples studied were purchased from Aldrich Chemical Co. (Steinheim, Germany) and used without further purification.
The clustered ions were desolvated by a dry nitrogen gas counter current and in a heated pressure-reducing capillary (PRC) through which they were introduced into the fore-chamber (FC), and then deflected toward a 3-mm orifice in the interface plate (IP) leading to the reaction chamber (RC). Ions drifting across the RC toward the exit slit (ES) under the influence of a weak electric field (2 V/cm at 10 mbar) were hydrated and reached equilibrium before being sampled to the mass analysis section of the mass spectrometer.
Mass spectra were registered with continuous ion sampling, while for equilibrium determination the ion beam was injected into the RC in a pulsing mode by applying short pulses (ϩ50 V, 90 s) to the deflection electrode (DE) with repetition of 1 ms. The latter mode of operation allows for measurements of the arrival time distribution (ATD) of the ions across the RC.
The reagent gas mixture consisting of pure N 2 as the carrier gas at about 10 mbar and a known partial pressure of water vapor (0.02-0.25 mbar) was supplied to the RC via the heated reactant gas inlet (RGI) at a flow rate of ϳ100 mL/min. The pressure was measured with an MKS capacitance manometer attached near the inlet of the RGI. The amount of water introduced into the N 2 gas flow was kept constant throughout the temperature-dependent measurements of the equilibrium constants. Water concentrations were controlled continuously with a Delta OHM calibrated temperature and humidity transmitter (type DO 9861T; Caselle di Selvazzano, Italy) inserted into the carrier gas flow line. The RC temperature was monitored by an iron-constantan thermocouple (TC) which was embedded close to the ion exit slit; the temperature can be varied between 300 and 570 K by electrical heaters.
The enthalpy change, ⌬H o n , and the entropy change, ⌬S o n , for the reaction (eq 1)
were obtained from temperature-dependent measurements of the equilibrium constants, K n-1,n (eq 2)
where I n and I n Ϫ 1 are recorded ATD peak areas of BH ϩ · (H 2 O) n and BH ϩ · (H 2 O) n-1 , respectively, and P is the known partial pressure of the water (in mbar). Equilibrium attainment was checked by comparing the ATDs of the reactant and product ions (eq 1), and testing the ion intensity ratio of [
as a function of ion residence time, as has been described previously [23, 25] . The enthalpy and entropy changes were obtained from van't Hoff plots, based on eq 3, while the standard free-energy,
The weighted least-squares fitting procedure was used to obtain the slopes and intercepts of each line.
Results
Plots of the logarithm of the equilibrium constants, K n-1,n , versus the reciprocal temperature for the systems studied are shown in Figures 2 and 3. Thermochemical data derived from these van't Hoff plots are presented in Table 1 . Our inability to measure the enthalpies for further hydration steps is a consequence of their very low ion intensities at the lowest temperatures available in the RC. The reported ⌬H o n and ⌬S o n values are the averages of at least three measurements and the error limits correspond to the standard deviations of linearsquares fit. These values reflect only statistical fluctuations. The systematic error may be present and the absolute error from an unknown true value could be considerably larger.
The results in Table 1 show that the hydration enthalpies of NABH ϩ and NSDH ϩ are similar and very close to the experimental Ϫ⌬H o 1 values (10.5 Ϫ 13.5 kcal/mol) obtained by Bowers and coworkers for protonated nucleotides [21] .
Discussion

Uracil and Thymine and Their Nucleosides
Previous theoretical investigations [26 -29] of different tautomers of neutral uracil and thymine indicate that the keto form, 1, is at least 11 kcal/mol more stable than other possible structures of these two bases. The most basic site in this structure is at the O 8 atom with a proton affinity (PA) of 205.5 kcal/mol for uracil and 207.0 kcal/mol for thymine, and is more basic by about 6.9 -8.4 kcal/mol than the O 7 atom [3, 26] . Protonations at the N and C atoms in 1 are less favorable than at the O atoms. According to in vacuo calculations [30] , the ratio of equilibrium constants of the formation of protonated uracil-O 8 and uracil-O 7 is ϳ 10 8 , while in an aqueous medium this ratio is predicted to be in the range (1.4 -2) ϫ 10 4 . This may suggest that 1a would be the predominant structure formed by electrospray and in equilibrium measurements. However, the experiments performed in the gas phase by using IR-MPD spectroscopy show that this structure should be present as a minor fraction, and an enol form, 1d, a dominant species of UraH ϩ and ThyH ϩ generated by electrospray from aqueous solutions at a capillary temperature of 473 K [31] . The enol-1d forms are more stable (1.0 -2.7 kcal/mol) than the respective 1a tautomers [26, 29, 31] . While the 1a form can be created by direct protonation of 1, the mechanism of formation of the enolic-1d form under electrospray conditions is not clear. The gasphase 1a ¡ 1d interconversion via the 1,3 proton transfer requires an energy barrier in excess of 35-40 kcal/mol [29, 31] to be overcome, making it energetically inaccessible at thermal energies. Similarly, the water-catalyzed isomerization of 1a into 1d by 1,3 proton transfer converting 1b ¡ 1e is relatively high in energy (16.6 kcal/mol), and is also not expected to occur in the collision cell [22] . Note that 1b is more stable than 1e and 1f by 1.7 and 3.1 kcal/mol [22] , respectively. Therefore, it was suggested [22, 31] that the enolic tautomers of UraH ϩ and ThyH ϩ are formed upon ion generation by electrospray, either in solution or within the electrospray droplets.
When the UraH ϩ ions from electrospray are hydrated in a collision cell, the mixture of the 1b, 1e, and 1f isomers are observed by the IR-MPD spectroscopy, and the existence of the enolic forms, 1e and 1f, is attributed to the resonance of two Kekule structures [22] . This finding is an indication for the formation of protonated keto and enolic tautomers of uracil and thymine, and their hydrated clusters under our experimental conditions. [22] on the basis of formation of 1e from 1d, and much lower than that of 11.2 kcal/mol predicted for the addition of H 2 O to 1a to yield 1b, thus suggesting that the enolic forms are the dominant ionic species of a mixture of the structures 1a and 1d involved in the equilibrium measurement for the association of UraH ϩ with H 2 O. These results are in line with the structural assignments based on the IR spectroscopy [22, 31] . Taking into account similarity of the IR-spectra [22, 23] and the thermochemical properties (Table 1 ) obtained for UraH ϩ and ThyH ϩ , the same conclusion can also be related to ThyH ϩ . Considering the higher stability of 1e than 1f, one can expect that the relative abundance of 1e should be considerably larger than that of 1f, and the second water molecule is most likely added to 1e via O 8 H.
Interestingly, in the conventional anionic complex Ura Ϫ · H 2 O, the water binding is strongest at the uracil O 8 site [6] and, calculated at the UMBPT (2) . Although the differences between these values are within the range of the experimental uncertainty, the slightly lower binding strengths for ThyH ϩ · (H 2 O) n ϭ 1,2 than the corresponding UraH ϩ · (H 2 O) n ϭ 1,2 can be accounted for by the somewhat higher PA of Thy (210.5 kcal/mol) than that of Ura (208.6 kcal/mol). As previously [32] stated, the XH ϩ Ê Y hydrogen bond decreases as ⌬PA ϭ PA(X) Ϫ PA(Y) increases. Such correlations between hydrogen-bond energies and proton affinities (or gas-phase basicities) are well-documented in the literature for neutral and ionic hydrogen bonds [5] .
Similarly to uracil and thymine, the calculations [33] at the B3LYP/6-31G* level of theory predict that the O 8 (C 5 ) position is the most preferred protonation site for the most stable uridine and thymidine tautomers, 2, and this position is likely to be the most favorable for water binding, 2a.
Adenine and Adenosine
In adenine structure 3, the N 1 atom is the most basic site, PA ϭ 224.4 kcal/mol, and this position is expected to be greatly favored for protonation by electrospray ionization over the second most basic site at N 3 , PA ϭ 222.7 kcal/mol, and the third at the N 7 atom, PA ϭ 216.1 kcal/mol [20] . The calculations [20, 29] predict that 3a is the most stable protonated form of adenine. Also, the authors [20] show that the most stable complexes of AdeH ϩ · (H 2 O) n ϭ 1,2 are formed when the first H 2 O molecule interacts with 3a at the N 1 H and N 10 H sites (Structure 3b) and the second one forms a hydrogen bond to the N 9 H position (Structure 3c). At equilibrium, this structure is expected to constitute about 97% of the AdeH
The values of enthalpy, 14.6 kcal/mol, and freeenergy, 6.2 kcal/mol, calculated [20] for the dissociation of 3b to 3a are in reasonable agreement with the corresponding experimental values of 13.1 Ϯ 0.4 kcal/ mol and 6.6 Ϯ 0.8 kcal/mol for the AdeH ϩ · (H 2 O) complex (Table 1 [34] show that in contrast to adenine, in adenosine, 4, the N 3 atom is the most favorable site for protonation. Furthermore, these results suggest that the two most stable structures are formed when a strong intramolecular hydrogen bond appears between N 3 H and O 5= , 4a, or between N 3 H and O 2= , 4b.
These tautomers are very close in energy (within less than 0.7 kcal/mol), and more stable (by about 8 -15 kcal/mol) than those protonated on the N 1 or N 7 atoms [34] . It is reasonable to assume that both tautomers, 4a and 4b, coexist in our experiments. In these complexes, the water molecule could be included between the bonds N 3 H Ê O 5= (4a) or N 3 H Ê O 2= (4b) leading to the formation of hydrated structures 4c or 4d, respectively.
Hypoxanthine
The two ketonic tautomers of hypoxanthine, N 7 H and N 9 H, are energetically the most stable (for both forms a hydrogen is attached at the N 1 site). The N 7 H form is predicted to be more stable than N 9 H by 0.8 kcal/mol [13, 35] . In the gas phase, the N 7 H form was calculated [7, 13, 36] to be ϳ64%, and the N 9 H form would be about 36%, while the enol-N 9 H tautomer would be only 0.2%. In hydrated form, the N 9 H tautomer, 5, is predicted [7] to be the predominant structure in which the N 7 atom is the most basic site (PA ϭ 219.6 kcal/mol [35] . The next most basic site is O 10 (PA ϭ 213.9 kcal/mol). Therefore, when hypoxanthine is protonated in an aqueous solution by electrospray, the formation of 5a should be favored. This structure is more stable than the N 9 H isomers protonated at the O 10 and N 3 atoms by 5.9 and 15.1 kcal/mol, respectively [35] Now no data are available for gas-phase protonation or enthalpies of the tautomers of inosine. Therefore, the suggestion of reactive sites for water interaction with InoH ϩ seems to be very problematic.
Conclusions
In this work, noncovalent interactions between protonated nucleobases (uracil, thymine, adenine, and hypoxanthine) and nucleosides (uridine, thymidine, adeno-sine, and inosine) on the one hand, and water molecules on the other, have been investigated by pulsed highpressure mass spectrometry with electrospray ionization. The water binding energies of the first water molecule found for these systems in the present work are similar and very close to those of the protonated nucleotides obtained in another laboratory [21] . Interestingly, the water interaction energies for the protonated uracil and thymine are similar to those calculated [6, 10] for corresponding valence-bound anions of these bases. Considering the relative stabilities of protonated tautomers and favorable sites for interactions with water molecules, possible structures for H-bonded complexes have been presented. In the case of uracil and thymine, the experimental findings support the spectroscopic observations [22, 31] that the keto ¡ enol tautomerization of UraH ϩ and ThyH ϩ occurs under electrospray conditions. Computational studies of relative stabilities and IR photodissociation spectra of several complexes are now required to verify their structures.
